Cited2 is an important transcriptional cofactor involved in multiple organ development. Gene profile analysis has identified Cited2 as one of the transcription factors expressed at high levels in adult mouse cornea. To address the function of Cited2 in corneal morphogenesis, we deleted Cited2 in surface ectoderm derived ocular structures including cornea by crossing Cited2-floxed mice with Le-Cre transgenic mice. Cited2 flox/flox ; Le-Cre + eyes invariably displayed corneal opacity and developed spontaneous corneal neovascularization at older age. Fewer layers of corneal epithelial cells and the absence of cytokeratin 12 (K12) expression featured Cited2 deficient postnatal and adult eyes. Cited2 deficient cornea exhibited impaired healing in response to corneal epithelial debridement by manifesting abnormal histology, lack of K12 expression and corneal neovascularization. Moreover, mechanistic studies suggest that Cited2 may play a role in corneal morphogenesis in part through modulating the expression of Pax6 and Klf4. Collectively, these findings demonstrate a novel function of Cited2 in postnatal corneal morphogenesis and maintenance. Our study will help better understand the molecular mechanisms involved in corneal biology, and more importantly, it may provide a valuable animal model for testing therapeutics in the treatment of corneal disorders, especially blindness as a result of corneal epithelial cell deficiency.
Introduction
Localized at the most anterior aspect of the eye, the transparent cornea is not only a major refractive component of the vision system, but also functions as the primary protective barrier against environmental insults. Defects in its development, maturation, infection or trauma can result in visual impairment. Corneal opacification, neovascularization, fibrosis and improper wound healing as a result of disease or injury have been recognized as the second-leading cause of blindness worldwide (Whitcher et al., 2001) . Therefore, preservation of the integrity and transparency of the cornea is an essential component for vision. To achieve this, it is important to understand the molecular mechanisms responsible for the maintenance and restoration of corneal integrity in response to physiological and pathological injury, which in turn will facilitate the development of therapeutic strategies fighting the blindness caused by corneal dysfunction.
The cornea is composed of three major cellular layers: an outer epithelium, a central stroma and an inner monolayered endothelium. In mouse, the eyes open around postnatal day 14 and cells in the oneto two-cell-layered epithelium proliferate and differentiate to form a four-to five-cell-layered corneal epithelium by 21 days after birth. The mature corneal epithelium contains five to eight cell layers and the maturation process is achieved by 6 to 8 weeks after birth (Hay, 1979; Zieske, 2004) . The superbasal corneal epithelial cells slough off on a regular basis and are replenished by corneal epithelial stem cells (Thoft and Friend, 1983; Collinson et al., 2002) . The program of proliferation and differentiation is under meticulous control in the adult mouse, which is essential for corneal homeostasis as it allows the most superficial corneal epithelial cells to be continuously replenished by oligopotent stem cells distributed throughout the ocular surface (Majo et al., 2008) .
The differentiation mechanisms responsible for replenishing corneal epithelial cells are believed to be associated with changes in gene expression. SAGE (Serial Analysis of Gene Expression) identified Cited2 (CBP/p300-interacting transactivators with glutamic acid (E) and aspartic acid (D)-rich tail 2) as one of the transcriptional regulators with higher expression in adult mature cornea versus postnatal day 9 mouse cornea (Norman et al., 2004) , suggesting the potential involvement of Cited2 in adult corneal maturation and maintenance. Cited2 is a member of a newly identified family of transcriptional modulators (Sun et al., 1998; Shioda et al., 1997; Bhattacharya et al., 1999) . It is a nuclear protein that binds directly with high affinity to the first cysteine-histidine-rich (CH1) region of the transcriptional cofactors p300 and CBP. Cited2 physically interacts with several nuclear receptors and transcriptional factors, such as peroxisome proliferator-activated receptor (PPAR) (Tien et al., 2004) , LIM domain-containing transcription factor Lhx2 (Glenn and Maurer, 1999) , AP-2 transcription factors (Bamforth et al., 2001 ), SMAD2/3 (Chou et al., 2006) , HNF4 α (Qu et al., 2007) and WT1 (Val et al., 2007) . Cited2 also functions as a negative regulator of hypoxia inducible factor (HIF)-1 mediated signaling by competing with HIF-1α for binding to CBP/p300 (Bhattacharya et al., 1999) . Cited2 is induced by many biological stimuli such as cytokines, serum and LPS in different cell types (Sun et al., 1998) . Overexpression of Cited2 in Rat1 cells results in loss of cell contact inhibition, anchorageindependent growth and tumor formation in nude mice, suggesting that Cited2 is a transforming gene (Sun et al., 1998) . These in vitro studies underscore the potential roles of Cited2 in various biological processes. Targeted deletion of Cited2 is embryonic lethal with embryos manifesting developmental defects in multiple organs (Bamforth et al., 2001; Bamforth et al., 2004; Barbera et al., 2002; Buaas et al., 2009; Chen et al., 2007; Qu et al., 2007; Val et al., 2007; Weninger et al., 2005; Withington et al., 2006; Xu et al., 2008; Yin et al., 2002) . It is worth noting that Cited2 is essential for eye development since Cited2 deficient eyes display lens stalk formation, hyaloid hypercellularity and aberrant hyaloid vasculature during embryonic development and postnatal life .
In the present study, we have observed corneal opacity, thinning of corneal epithelium, loss of differentiation marker K12 expression in the corneal epithelium, impaired corneal epithelial wound healing and spontaneous corneal neovascularization in Cited2 deficient eyes. Therefore, we have identified Cited2 as a novel molecule involved in postnatal corneal epithelial cell differentiation and maintenance.
Materials and methods

Mouse lines
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Histology
Enucleated eye balls were fixed in 10% formalin, dehydrated, embedded in paraffin and processed with 7 μm transverse sectioning. Histology of the eyes was examined by light microscopy after hematoxylin and eosin (H&E) staining.
Immunohistochemistry
Heads from embryonic day 17.5 (E17.5) embryos were fixed in 4% paraformaldehyde, equilibrated in 30% sucrose, embedded in O.C.T. and processed with 10 μm cryosectioning. Enucleated eye balls from postnatal and adult mice were fixed in 10% formalin and processed for paraffin embedding. Paraffin-embedded sections were deparaffinized first before processed for immunohistochemistry. Cited2 immunostaining was performed using primary antibody against Cited2 (sc25375, Santa Cruz) and Alexa Fluor 488-conjugated anti-rabbit secondary antibody (A11008, Invitrogen). K12 immunostaining was performed using antibody against K12 (sc17101, Santa Cruz) in conjunction with ABC kit (PK-4005, Vector Laboratory) and antibody staining was developed with 3, 3′-diaminobenzidine (Sigma). α-smooth muscle actin (α-SMA) immunostaining was performed with antibodies against α-SMA (A5228, Sigma) and antibody staining was visualized with Alexa Fluor 594-conjugated anti-mouse secondary antibody (A11005, Invitrogen).
Real-time PCR
Corneas were dissected from enucleated eyes of mice at 6 weeks old. Total RNA was extracted using TRIzol (Invitrogen) and reverse transcribed using Superscript II reverse transcriptase. Real-time PCR was performed to measure the mRNA expression levels of Pax6 and Klf4 using the following primers: Klf4 forward 5′-ccaccaggactacccctaca-3′: Klf4 reverse: 5′-ggggacttgtgactgcatct-3′.
Wound healing assay
Mice at 6 weeks of age were anesthetized before performing the corneal epithelial debridement. The central corneal epithelium (2 mm in diameter) was demarcated with a 2 mm trephine and subsequently removed using an AlgerbrushII (Alger Co.) tipped with a 0.5 mm burr under a dissecting stereomicroscope. To prevent ocular surface desiccation, eyes were kept moisturized with methylcellulose until recumbent. The mice were sacrificed 7 days after the wounding and the eyes were enucleated and fixed in 4% paraformaldehyde for further histological and immunohistochemical examination.
Luciferase assay
HCE (Human Corneal Epithelial), NMuMG (Normal Murine Mammary Gland Epithelial) and HEK293 (Human Embryonic Kidney) cells were seeded in 24-well plates for transfection of 0.15 ng pRLSV40, 40 ng of 1Kb human Klf4 promoter-containing firefly luciferase reporter, various amounts of Cited2 expression plasmid and control plasmid so that the total amount of DNA was 0. 4 μg/well. 20 ng of various truncated mouse Klf4 promoter-containing firefly luciferase reporter constructs (Chen et al., 2002) was also tested in a similar manner. Fugene6 transfection reagent (Roche) was used for the transfection. Firefly and Renilla luciferase activities were measured 24 h after transfection using Dual-luciferase assay reagents (Promega) on luminometer. Relative luciferase activity was calculated by dividing firefly luciferase activity by Renilla luciferase activity.
Results
Le-Cre mediated conditional deletion of Cited2, a gene highly expressed in adult cornea epithelial cells, results in corneal opacity
The expression of Cited2 in adult mouse cornea was first demonstrated by SAGE analysis (Norman et al., 2004) . To verify the protein expression of Cited2 in adult cornea epithelial cells, immunostaining was performed and revealed Cited2 nuclear localization mainly in the majority of basal corneal epithelial cells and some of the supra-basal cells (Figs. 1a, c) . To explore the function of Cited2 in corneal epithelial cells, conditional deletion of Cited2 in the surface ectoderm derived tissues including cornea was performed by crossing Le-Cre transgenic mice (Ashery-Padan et al., 2000) with Cited2 flox/flox mice since targeted deletion of Cited2 results in embryonic lethality. Le-Cre is expressed in the surface ectoderm from embryonic day (E) 9.5 and in surface ectoderm derived structures including the developing lens, cornea, conjunctiva and skin of the eye lids. As expected, Cited2 nuclear localization was not detected in corneal epithelial cells of Cited2 flox/flox ;Le-Cre mice, indicating efficient deletion of floxed Cited2 alleles mediated by Le-Cre transgene (Fig. 1b) . The ocular effect of Le-Cre mediated conditional deletion of Cited2 was notable due to the external feature of small eyes . Macroscopic examination further showed that, in contrast to the normal transparent and avascular cornea in Cited2 flox/flox controls examined at ages up to 8-month old ( (Fig. 2e ). This result indicates that decreased cell proliferation is not likely to be responsible for fewer corneal epithelial layers and thinner corneal epithelium in Cited2 deficient eyes. However, excessive sloughing-off as a result of corneal epithelial fragility due to Cited2 deficiency may increase the proliferation of corneal epithelial cells as a compensatory mechanism.
Cited2 deficient corneal epithelium lacks expression of K12 in postnatal life
The histological abnormalities suggest defective corneal epithelial differentiation in Cited2 deficient cornea. K12 is a tissue specific keratin expressed specifically in cornea epithelium and its expression is differentiation-dependent (Kurpakus et al., 1994; Liu et al., 1999; Tanifuji-Terai et al., 2006) . Loss of K12 has been shown to be responsible for corneal fragility (Kao et al., 1996) . K12 expression was therefore examined by immunohistochemistry at different developmental stages in Cited2 flox/flox ;Le-Cre + eyes with Cited2 flox/flox littermates included as normal controls. At E17.5, K12 expression was readily detected in both Cited2 flox/flox littermate control (Fig. 3a) and Cited2 flox/flox ;Le-Cre + corneal epithelium (Fig. 3b) . However, at postnatal day 14, K12 expression was detected in the corneal epithelium in Cited2 flox/flox littermate controls (Fig. 3c) corneal epithelium in postnatal life rather than in the development of the corneal epithelium in the embryo.
Aberrant corneal epithelial wound healing response in Cited2 deficient eyes
To further address the role of Cited2 in adult corneal maintenance, a corneal epithelial wound healing model was employed. A 2-mm diameter circular corneal epithelial wound was created in Cited2 flox/flox ;Le-Cre + mice and Cited2 flox/flox littermate controls at 6 weeks of age. Corneal wound healing was assessed macroscopically and followed by histological examination 1 week after wounding. Cited2 flox/flox control cornea healed normally as the corneas displayed transparent and avascular features macroscopically (Fig. 4a) . However, the Cited2 flox/flox ;Le-Cre + cornea healed with severe opacification and neovascularization (Fig. 4b) . The onset of corneal neovascularization was observed 48 h after wounding (data not shown) in Cited2 ;Le-Cre + cornea (Fig. 4d) . Further histological analysis by H&E staining on eye sections revealed vessels containing ;Le-Cre + cornea (Fig. 4f ) compared to the normal histological feature in Cited2 flox/flox control cornea (Fig. 4e) .
It is also notable that neutrophils were present in Cited2 ;Le-Cre + cornea was further visualized by CD31 (Fig. 4g ) and α-SMA (Fig. 4h) ;Le-Cre + corneas (Fig. 4j) , whereas it was readily detected in Cited2 flox/flox controls (Fig. 4i) . These results indicate that wound healing response is significantly impaired in Cited2 deficient cornea and further suggest that Cited2 plays an important role in corneal epithelial differentiation and maintenance in postnatal life.
Decreased expression of Pax6 and Klf4 in Cited2 deficient cornea
The defective corneal epithelial morphogenesis exhibited by Cited2 flox/flox ;Le-Cre + eyes is similar to the corneal phenotypes in mice deficient for Pax6 (Collinson et al., 2004; Davis et al., 2003) or with conditional deletion of Klf4 (Swamynathan et al., 2007) . Pax6 deficient eyes display decreased thickness of the corneal epithelium consisting of fewer layers of corneal epithelial cells and significantly decreased expression of K12. The Klf4 deficient cornea is composed of fewer layers of corneal epithelial cells and K12 expression is undetectable in Klf4 deficient corneal epithelium. It has also been reported that both Pax6 and Klf4 directly regulate K12 expression (Swamynathan et al., 2007; Davis et al., 2003; Li et al., 2008; Shiraishi et al., 1998) . In addition, we have shown that Cited2 controls Pax6 expression in developing lens, as decreased Pax6 mRNA expression was observed in Cited2 deficient embryonic lens and abnormally formed lens stalk was corrected by increasing Pax6 expression in Cited2 deficient eyes ;Le-Cre + corneas was decreased about 2.5-fold compared to that from Cited2 flox/flox controls (Fig. 5a ), which suggests that Cited2 could function in part through Pax6 during corneal morphogenesis. Interestingly, in addition to decreased Pax6 expression, Klf4 mRNA expression level was also significantly decreased about 5-fold in Cited2 flox/flox ;Le-Cre + corneas compared to that of Cited2 flox/flox controls (Fig. 5b) . We further performed a luciferase reporter assay to test the hypothesis that Cited2 is required for Klf4 expression in corneal epithelial cells. HCE cells were transfected with a luciferase reporter plasmid containing the Klf4 promoter and different amounts of Cited2 expressing plasmid. Klf4 promoter activity was enhanced in response to Cited2 overexpression in a dose-dependent manner compared to the control without Cited2 overexpression (Fig. 5c ). The effect of Cited2 overexpression on increasing Klf4 reporter activity was reproducibly observed in two other epithelial cell lines, NmuMG and HEK 293 (Fig. 5c ). To further dissect the transcriptional regulation of Klf4 promoter by Cited2, a series of truncated mouse Klf4 promoter constructs (Chen et al., 2002) were tested for the response to Cited2 expression in HCE cells. As shown in Fig. 5d , Cited2 overexpression consistently increased the full-length mouse Klf4 promoter activity. The region responsible for the most positive response of mouse Klf4 promoter to Cited2 expression was narrowed down to −1190 to − 716 upstream of transcriptional starting site. Sequence analysis of this region revealed numerous transcriptional factor-binding sites, including AP-2α previously shown to be associated with Cited2's function during cardiac development (Bamforth et al., 2001 ). Since AP-2α is implicated in corneal epithelial cell functions (Dwivedi et al., 2005) , the effect of AP-2α on the Klf4 promoter activity was also examined. As shown in Fig. 5e , AP-2α did not activate the Klf4 promoter. Instead, overexpression of AP-2α resulted in decreased Klf4 promoter activity, suggesting more complicated positive and negative regulatory mechanisms are involved. Nonetheless, our data suggest that Cited2 is required for Klf4 expression and Cited2 deficiency results in decreased Klf4 expression, which is in part responsible for the defective corneal morphogenesis in Cited2 flox/flox ;Le-Cre + eyes.
Discussion
The present study demonstrates that Le-Cre mediated selective deletion of Cited2 results in an array of corneal epithelial pathologies, including abnormal corneal epithelial differentiation marked by fewer layers of corneal epithelial cells and lack of K12 expression, impaired corneal epithelial wound healing response and spontaneous corneal neovascularization in older mice, and decreased expression of Pax6 and Klf4. This indicates for the first time that Cited2 plays a critical role in postnatal corneal maturation, maintenance and repair.
We have previously shown that Cited2 is ubiquitously expressed in the lens, cornea and retina of a developing eye. Cited2 deficiency results in persistent lens stalk formation and aberrant hyaloid vascular formation/regression, revealing a novel function of Cited2 in eye development . Interestingly, an independent SAGE study identified Cited2 as one of the most abundantly expressed transcription factors in the adult cornea (Norman et al., 2004) . However, the potential role of Cited2 in adult corneal maturation and maintenance was hindered as targeted deletion of Cited2 results in embryonic lethality (Yin et al., 2002) . In the present report, the Le-Cre mouse line was used to mediate ablation of floxed-Cited2 in surface ectoderm derived ocular tissues including the cornea (Ashery-Padan et al., 2000) . Interestingly, Cited2 flox/flox ;Le-Cre + eyes display opaque cornea, age-dependent spontaneous corneal neovascularization, decreased thickness of corneal epithelium composed of fewer layers of corneal epithelial cells, absence of K12 expression in postnatal life and impaired corneal wound healing response. Reduction in the thickness of the corneal epithelium may result from defective differentiation of corneal epithelial cells, which is supported by the lack of K12 expression in the Cited2 deficient cornea in postnatal life. This might result in increased proliferation of corneal epithelial cells to compensate for the excessive loss of corneal epithelial cells, a similar finding reported by others in Pax6 deficient cornea (Ramaesh et al., 2005) . It is also possible that Cited2 deficiency may skew the balance between cellular proliferation and differentiation. Unchecked proliferation may lead to defective differentiation in Cited2 deficient corneal epithelium. These possibilities require further studies for their validation.
K12 is specifically expressed in the corneal epithelium in a differentiation-dependent manner. Similar to other keratins, K12 is required for the formation of cytoskeletal intermediate filaments and thus the maintenance of corneal epithelial integrity. Targeted deletion of K12 results in fewer cellular layers in corneal epithelium and corneal fragility (Kao et al., 1996; Kurpakus et al., 1994; Liu et al., 1999; Tanifuji-Terai et al., 2006 provide evidence that defective corneal epithelial cell differentiation may occur as a result of Cited2 deficiency. It is also worth noting that diminished K12 expression was only observed in postnatal corneas with its expression being readily detected in embryonic corneas in Cited2 deficient eyes. This suggests that Cited2 may be specifically required for adult corneal maintenance, consistent with the finding that Cited2 expression is upregulated in adult corneas (Norman et al., 2004) . Cited2 deficient corneas manifested impaired healing in response to corneal epithelial wounding by displaying neutrophil infiltration and neovascularization, whereas K12 deficient cornea did not show defects in corneal epithelial wound healing, suggesting that lack of K12 expression in the corneal epithelial cells is not likely to be responsible for impaired wound healing response in Cited2 deficient eyes. The absence of K12 expression could be directly due to the loss of Cited2, with Cited2 required for K12 expression, or indirectly due to a defect in differentiation. We have observed increased K12 luciferase reporter activity in response to Cited2 expression in a dose-dependent manner ( Supplemental Fig. 2) ; however, the mechanism through which Cited2 regulates K12 expression remains to be further investigated.
We have previously shown that Cited2 regulates Pax6 expression in the developing mouse lens . Pax6 is a highly expressed transcription factor in the ocular components including cornea and it is required for cornea morphogenesis through regulating K12 expression, limbal stem cell activity and corneal epithelial cell migration and adhesion (Davis et al., 2003; Ramaesh et al., 2005; Shiraishi et al., 1998 (Fig. 5a) . We have previously shown that Cited2 coactivates MMP9 expression (Chou et al., 2006) . MMP9 is expressed at the migrating epithelial front in the cornea during reepithelialization and coordinates multiple events in corneal epithelial regeneration. Loss of MMP9 is associated with increased inflammatory response during corneal reepithelialization (Mohan et al., 2002) . Interestingly, Pax6 controls the expression of MMP9 during this process (Sivak et al., 2000; Sivak et al., 2004) . Therefore, Cited2 might be required for the expression of both Pax6 and MMP9 and thereby facilitate corneal repair. Significantly decreased expression of Klf4 was also detected in the Cited2 deficient cornea. Since Klf4 is an essential factor for corneal epithelial cell differentiation as it regulates K12 expression (Swamynathan et al., 2007), a Cited2 expression plasmid was cotransfected with a luciferase reporter plasmid containing the Klf4 promoter into human corneal epithelial cells to determine if Cited2 enhances Klf4 transcription. The enhanced activity of the Klf4 promoter with increasing amounts of Cited2 (Fig. 5) indicates that Cited2 may be required for Klf4 expression. Various truncated forms of the Klf4 promoter were further analyzed to identify regions on the Klf4 promoter that could be responsible for Cited2 action. The analysis identified −1190 to − 716, which contains putative binding sites for AP-2α, to be most responsive to Cited2 overexpression. Although we found that AP-2α significantly inhibits Klf4 promoter activity, as was reported by others (Pfisterer et al., 2002) , our study suggests multiple positive and negative transcription factors may participate in Cited2-mediated Klf4 expression. Further studies are required to dissect the transcription factor/cofactor network involved in controlling Klf4 expression.
The lack of K12 expression in Cited2 deficient corneal epithelial cells in the absence and presence of wound healing could also suggest that the corneal epithelial stem cell population is dependent upon Cited2. Cornea epithelial cells are established in embryos and undergo dynamic loss and replenishment in response to physiological wounding under the control of corneal epithelial stem cells (Collinson et al., 2002; Majo et al., 2008; Sun and Lavker, 2004) . Interestingly, accumulated evidence has indicated that Cited2 is a transcriptional modulator involved in stem cell functions. Cited2 is highly expressed in the enriched hematopoietic stem cells (HSCs) and is required for the activity of HSCs . Cited2 has also been shown to be involved in embryonic stem cells maintenance (Pritsker et al., 2006) . Pax6 deficiency is associated with dysfunction of limbal stem cells in a cell-autonomous manner (Collinson et al., 2004) , which is also indicative of a potential role of Cited2 in corneal stem cells given that Cited2 regulates Pax6 expression. Therefore, we cannot exclude the possibility that Cited2 deficiency may result in impaired corneal epithelial stem cell function, which could be responsible for impaired healing in response to physiological and pathological wounding, leading to defective corneal morphogenesis and maintenance (Dua et al., 1994; Huang and Tseng, 1991; Ma et al., 2006; Sun and Lavker, 2004; Wilson et al., 2001; Wolosin et al., 2000) .
Although the role of lens in corneal epithelial specification has not been clearly demonstrated, the lens indeed influences the normal development of neural crest cell-derived corneal components such as corneal endothelium and stroma (Beebe and Coats, 2000) . In light of the role of Cited2 in lens development , the deleterious influence of defective lens morphogenesis on corneal phenotypes should also be considered and further addressed.
Collectively, the present study reveals novel functions of Cited2 in corneal morphogenesis, maintenance and wound healing through mechanisms involving Pax6 and Klf4. Therefore, our study not only provides a new mouse model for studying relevant corneal disorders, but also adds new knowledge to our understanding of the molecular mechanisms underlying adult corneal biology, which will facilitate therapeutic development targeting corneal disorders.
